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Von Hippel–Lindau (VHL) disease is a multisystem 
inherited cancer syndrome that poses a risk for cen-

tral nervous system and retinal hemangioblastomas, 
pancreatic cysts and neuroendocrine tumors, epididymal 
cystadenomas, renal cysts, and solid and cystic clear cell 
renal cell carcinomas (ccRCCs) (1–3). Although advances 
in the management of renal cell carcinoma and central 
nervous system hemangioblastoma have improved long-
term outcomes in individuals with VHL disease, re-
nal tumors remain the leading cause of death (2,4). 
Because of the recurrent and multifocal nature of renal 
disease, nephron-sparing surgical intervention remains the 
preferred method of treatment in the interest of preserv-
ing renal function and preventing metastasis.

To minimize the use of surgical procedures, active sur-
veillance of patients until the largest tumor reaches 3 cm in 
diameter is often recommended because metastasis is rare 
in smaller tumors. In addition, patients with VHL disease 

often have numerous renal tumors at one time point. Thus, 
a method to assess intrasubject variation in growth kinetics 
of multiple tumors within a kidney could improve identifi-
cation and tracking of tumors with the highest growth rates 
to more appropriately time surgical intervention (3,5).

The frequency of surveillance and appropriate tim-
ing of intervention for VHL-associated renal tumors 
are based on the size, location, and growth rate of renal  
tumors. However, the identification of additional mark-
ers to aid the understanding of VHL renal tumor growth 
kinetics would allow individualization of patient care, 
thereby avoiding unnecessary screenings and optimizing 
interventions to reduce the risk for metastasis.

Although MRI is a mainstay for surveillance of VHL- 
associated renal tumors, use of sequences, such as diffu-
sion-weighted (DW) imaging, could improve tumor 
characterization and overall patient care (3). DW imag-
ing provides quantitative markers, such as apparent 
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Background: Identification of markers to aid in understanding the growth kinetics of Von Hippel–Lindau (VHL)-associated clear cell 
renal cell carcinoma (ccRCC) has the potential to allow individualization of patient care, thereby helping prevent unnecessary screen-
ing and optimizing intervention.

Purpose: To determine whether the degree of restricted diffusion at baseline MRI holds predictive potential for the growth rate of 
VHL-associated ccRCC.

Materials and Methods: Patients with VHL disease who underwent surgical resection of tumors between November 2014 and 
October 2017 were analyzed retrospectively in this HIPAA-compliant study. The change in ccRCC volume between two time 
points and apparent diffusion coefficient (ADC) at baseline was calculated by using segmentations by two readers at nephro-
graphic-phase CT and diffusion-weighted MRI, respectively. Intraclass correlation coefficient was used to assess agreement 
between readers. Repeated-measures correlation was used to investigate relationships between ADC (histogram parameters) and 
tumor size at baseline with growth rate and volume doubling time (VDT). Predictive performance of the ADC parameter with 
highest correlation and tumor size at baseline was reviewed to differentiate tumors based on their VDT (1 year or .1 year).

Results: Forty-six patients (mean age, 46 years 6 7 [standard deviation]; 25 women) with 100 ccRCCs were evaluated. Interreader 
agreement resulted in mean k scores of 0.89, 0.82, and 0.93 for mean ADC, baseline tumor volume, and follow-up tumor volume, 
respectively. ADC percentiles correlated negatively with tumor growth rate but correlated positively with VDT. Lower ADC values 
demonstrated stronger correlations. The 25th percentile ADC had the strongest correlation with growth rate (r = 20.52, P , .001) 
and VDT (r = 0.60, P , .001) and enabled prediction of VDT (1 year or .1 year) with an area under the receiver operating 
characteristic curve of 0.86 (sensitivity, 67%; specificity, 89%) (P , .001).

Conclusion: Apparent diffusion coefficient at baseline was negatively correlated with tumor growth rate. Diffusion-weighted MRI 
may be useful to identify clear cell renal cell carcinomas with higher growth rates.
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routine surveillance. Thus, we excluded patients with fewer than 
two contrast-enhanced CT examinations before surgery, patients 
who did not undergo DW MRI at the same time as baseline 
CT, patients with metastasis, and patients whose images showed 
artifacts or incomplete acquisition. Moreover, cysts, complex le-
sions, and tumors smaller than 1 cm were excluded from this 
study (Fig 1). A subset of 11 patients described in this study 
were previously evaluated for germline mutations and growth 
(11). All tumors included in this study were pathologically 
confirmed as ccRCC based on pathology reports generated af-
ter surgical excision.

MRI Examinations
All MRI examinations were performed with a 1.5-T machine 
using body matrix phased-array coils (Aera; Siemens Healthcare,  
Erlangen, Germany). DW imaging was performed with echo-
planar sequences in the transverse position, and monoexpo-
nential ADC maps were generated by using an integrated 
picture archiving and communication system (Carestream, 
version 12.1.5; Carestream Health, Rochester, NY). In addi-
tion to DW imaging, patients underwent the following routine 
imaging sequences: multiplanar T2- and T1-weighted imaging 
before and after administration of contrast material in the arte-
rial and venous phases. One dose of gadobutrol (0.1 mmol per 
kilogram of body weight, Gadovist; Bayer, Washington, DC) 
was administered and followed by a 20-mL saline flush. Af-
ter contrast material injection, images were acquired during the 
corticomedullary (20 seconds), nephrogenic (70 seconds), 
and excretory (3 minutes) phases. Table 1 lists MRI acquisition 
parameters.

CT Examinations
CT scans were obtained by using multidetector row CT scanners 
(Siemens Biograph, Siemens Somatom Definition Flash, and Sie-
mens Somatom Force; Siemens Healthcare). All CT examinations 
were performed in accordance with our institution’s protocol for 
renal masses. Images were obtained in spiral mode with 92 3 0.6 
mm collimation, 120- or 100-kV tube voltage with automatic 
tube current modulation, 2-mm section thickness with 1-mm in-
crements, and 0.5-second gantry rotation time. Initially, an unen-
hanced CT image of the abdomen was obtained. Then, one dose of  
iopamidol (1.8 mL/kg [maximum dose, 130 mL], Isovue 300; 
Bracco Diagnostics, Melville, NY) was administered intravenously 
at a rate of 3–4 mL/sec. We used a 10-second delay for bolus track-
ing with arterial phase acquisition at a 100-HU threshold followed 
by acquisition in the nephrogenic phase 70 seconds after the arte-
rial phase.

Image Analysis
Picture archiving and communication system imaging 
software with volumetric measurement capabilities (Car-
estream, version 12.1.5; Carestream Health, Rochester, 
NY) was used for image analysis. Tumor pathology reports 
were matched to imaging data to identify solid ccRCC tu-
mors. Tumor boundaries were determined and segmented 
via inspection of DW and T1- and T2-weighted contrast-
enhanced MRI and nephrographic-phase CT scans by an 

Abbreviations
ADC = apparent diffusion coefficient, ADC25% = 25th percentile 
ADC, ccRCC = clear cell renal cell carcinoma, CI = confidence interval, 
DW = diffusion weighted, VDT = volume doubling time, VHL = Von 
Hippel–Lindau

Summary
The apparent diffusion coefficient from baseline diffusion-weighted 
MRI can be used to predict growth of clear cell renal cell carcinoma 
in patients with Von Hippel–Lindau disease.

Key Results
 n In renal tumors associated with Von Hippel–Lindau disease, the 

25th percentile apparent diffusion coefficient (ADC25%) at baseline 
diffusion-weighted MRI had the strongest inverse correlation with  
the clear cell renal cell carcinoma growth rate (r = 20.52, P , .001) 
and the strongest correlation with volume doubling time (VDT) 
(r = 0.60, P , .001).

 n At receiver operating characteristic curve analysis, baseline ADC25% 
was a better predictor of VDT (1 year or .1 year) (area under 
the receiver operating characteristic curve [AUC], 0.86) than was 
tumor size at presentation (AUC, 0.68).

 n AUC was highest for combining tumor ADC25% and baseline 
volume (AUC, 0.89), followed by ADC25% alone (AUC, 0.86) and 
baseline volume alone (AUC, 0.68).

diffusion coefficients (ADCs), which frequently reflect 
changes in the histologic architecture of tissue (eg, cellularity, 
microcirculation, membrane integrity) before observation of 
any gross structural changes with conventional sequences, 
such as T1- or T2-weighted imaging (6–8).

As such, DW imaging has recently been applied to oncologic 
imaging for tumor detection and characterization, as well as for 
prediction and monitoring of treatment response. In regard to 
renal cell carcinoma, ADC values have shown promise in deter-
mining tumor aggressiveness through accurate differentiation of 
high- and low-grade ccRCC tumors (9) and cellularity of renal 
tumors (10). However, to our knowledge, the longitudinal rela-
tionship between ADC value and growth of renal tumors has 
not been investigated. The aim of this study was to determine 
whether the degree of restricted diffusion at MRI, quantified as 
ADC, holds predictive value for the growth rate of VHL-asso-
ciated ccRCC.

Materials and Methods
A prospectively maintained registry of consecutive patients 
with hereditary renal cancers was queried for individuals with a 
confirmed diagnosis of VHL who underwent surgical resection 
of tumors between November 2014 and October 2017. All data 
used were compliant with the Health Insurance Portability and 
Accountability Act and were acquired with institutional review 
board–approved protocols. Patients gave written informed 
consent to participate in this protocol (NCI-89-C-0086).

For this retrospective study, patients were required to have 
undergone contrast material–enhanced CT at a minimum of two 
time points before surgery, as well as MRI, including DW MRI, 
on the same date as baseline CT. In our research institution,  
because of the multisystemic nature of the disease, patients with 
VHL undergo simultaneous or alternating MRI and CT during 
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mum of 2 weeks apart to avoid observer bias. 
Segmentation was performed by using freehand 
regions of interest encircling the tumor on every 
section with a discernable tumor. To ascertain 
reliability of segmentation data, an additional 
set of segmentations was generated for all cases 
by a fellowship-trained body radiologist (E.C.J., 
29 years of experience). All individuals who par-
ticipated in segmentation were blinded to clini-
cal data and follow-up images.

Tumor volumes were calculated from CT 
measurements by multiplying individual pixel 
volume by total number of pixels included in 
each segmentation. Tumor volume (V) was used 
to calculate growth rate (GR) between the two 
time points (t0, t1) in cubic centimeter per year, 
as follows:
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Tumor volume doubling time (VDT) was calcu-
lated by using the following formula:
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In the formulas, t1 2 t0 is the time difference (in 
days) between baseline and follow-up, and V(t0) 
and V(t1) are the tumor volumes at baseline and 
follow-up, respectively.

For ADC maps, voxel analysis of each seg-
mented volume was performed, and histograms 
(binwidth = 16) were plotted with ADC on the 
x- and y-axis representing the number of voxels 
with that ADC value (Fig 2d). Tumor ADC pa-
rameters, including quartiles (25th, 50th, 75th), 
10th and 90th percentiles, mean, skewness, and 
kurtosis, were derived from the histograms.

Statistical Analysis
Correlation of growth rate and volume doubling 
time with ADC histogram values was calculated 
by using the Bland-Altman method to account 
for within-participant correlation using the re-
peated-measures correlation (rmcorr) package 
in R Statistical Software (version 1.0.44; R Stu-
dio: Integrated Development Environment for 
R, Boston, Mass) (12). The latter was performed 
because multiple tumors were from the same pa-
tient. A bootstrapping method to 1000 replicates 

was used to assess the significance of the correlation and cor-
responding confidence interval (CI). This procedure was also 
used to measure relationships between tumor size at baseline 
with growth rate and VDT. P values were reported by using 
Bonferroni correction for multiple comparisons to account 
for the number of variables tested.

imaging research fellow (F.F., 2 years of experience). Each 
volumetric segmentation of tumors on ADC images (base-
line) and nephrographic-phase CT images (baseline and 
follow-up) were reviewed and modified by an MRI-trained 
radiologist (A.A.M., 9 years of experience). For CT segmen-
tations, images from each time point were viewed a mini-

Figure 1: Flowchart shows patient selection. ADC = apparent diffusion coefficient, ccRCC = 
clear cell renal cell carcinoma, VHL = Von Hippel–Lindau disease.

Table 1: Sequence Parameters for Echo-planar Imaging of Renal Masses

Parameter

DW Imaging  
(b value = 0, 250, 
800 sec/mm)

T2-weighted 
Imaging

Unenhanced 
Phase

Arterial  
Phase

Venous  
Phase

Repetition time  
 (msec)

11 400 1800 3.78 3.78 3.78

Echo time (msec) 62 112 1.72 1.72 1.72
Section thickness  
 (mm)

6 6 3 3 3

Flip angle  
 (degrees)

90 140 10 10 10

Matrix 124 3 128 243 3 320 203 3 320 203 3 320 203 3 320
FOV (mm) 380 3 380 380 3 380 380 3 380 380 3 380 380 3 380
Bandwidth (kHz) 505 1500 700 505 505

Note.—DW = diffusion weighted, FOV = field of view.
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The left side of this equation corresponds to the probability of 
the event, and the right side is the regression component for 
two independent variables (X and Z; ADC and baseline vol-
ume, respectively) in which b and g are coefficients of regres-
sion and a is the intercept.

Receiver operating characteristic curves were drawn, and the 
area under this curve was calculated to assess the predictive value. 
For analysis of the receiver operating characteristic curve, cutoff 
points were calculated by maximizing the sum of sensitivity and 
specificity for differentiating tumors based on their VDT (1 
year or .1 year). R statistical software was used for all statistical 

Shrout-Fleiss intraclass correlation coefficient was used to 
assess agreement of measurement values, including mean ADC 
and baseline and follow-up volume, for each tumor between 
radiologists (13).

Predictive performance of tumor size at baseline, the 
ADC parameter with the strongest correlation with VDT, 
and their combined performance were reviewed in classify-
ing tumors with VDT of 1 year or less or more than 1 year 
with 95% CIs by using logistic regression with a general-
ized estimating equation. The model was based on binomial 
distribution and used an exchangeable correlation matrix to 
calculate estimates of prediction performance. A multinomial 
model was used to analyze combined (ADC and baseline 
volume) performance:

Figure 2: Images of clear cell renal cell carcinoma in a 55-year-old man with Von Hippel–Lindau syndrome. (a, b) Axial contrast material–enhanced nephrographic 
phase CT scans show the tumor was 7.4 cm3 at baseline (a) and had grown to 9.1 cm3 at 125 days (b). (c) Axial apparent diffusion coefficient (ADC) map of the tumor at 
baseline and (d) corresponding histogram percentile analysis.
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percentile ADC (r = 0.47 [95% CI: 0.30, 0.61]; P , .001). 
ADC skewness (r = 20.08 [95% CI: 20.32, 0.05]; P . .99) 
and kurtosis (r = 0.29 [95% CI: 0.02, 0.4]; P . .99) were not 
correlated with VDT.

Tumor size at baseline demonstrated a weak negative correla-
tion (r = 20.38, P , .001) with growth rate, indicating that 
larger tumors at baseline showed a slower growth rate. Tumor 
size at baseline also correlated positively with volume doubling 
time (r = 0.42, P , .001).

ADC25% showed significance (P , .001) in categorizing 
tumors to VDT of 1 year or less or more than 1 year. It had a 
sensitivity of 67%, a specificity of 89%, and an overall accu-
racy of 81% (coefficient, 20.05; intercept, 8.9). Tumor size 
at baseline had a sensitivity of 33%, a specificity of 84%,  
and an overall accuracy of 66% (coefficient, 20.13; intercept, 
0.2). Use of both ADC25% and tumor size at baseline resulted 
in a sensitivity of 67%, a specificity of 86%, and an overall 
accuracy of 79% (ADC25% coefficient: 20.06, tumor size 
coefficient, 20.2; intercept, 11.8).

Area under the receiver operating characteristic curve 
(AUC) was highest for the combination of ADC and base-
line volume (AUC = 0.89), followed by the combination of 
ADC and ADC25% (AUC = 0.86) and the combination of 
ADC and tumor baseline volume (AUC = 0.68). Figure 5 
shows the receiver operating characteristic curve and AUC 
for these three prediction models.

Interobserver Agreement
Intraclass reliability of segmentation measurements resulted 
in mean k scores of 0.89, 0.82, and 0.93 for mean ADC at 
baseline, baseline volume, and follow-up volume, respectively, 
indicating strong agreement between raters.

Discussion
Our findings indicate that Von Hippel–Lindau (VHL)-related 
clear cell renal cell carcinoma (ccRCC) tumors with lower 

analysis, and significance was indicated by a two-sided P value of 
less than .05.

Results

Patient and Tumor Characteristics
The study cohort consisted of 46 patients (25 women; mean 
age, 46 years 6 7 [standard deviation]) with a total of 100 
tumors (Table 2). The mean follow-up interval was 397 days 
6 233 (range, 67–1201 days). There was a mean of 2.4 tumors 
per patient (range, one to seven tumors). Tumors had a mean 
volume of 7.8 cm3 6 3.9 (range, 0.6–50.9 cm3) at baseline 
and 10.3 cm3 6 6.2 (range, 0.7–53.8 cm3) at follow-up. Mean 
tumor growth rate was 4.5 cm3 per year 6 3.2 (range, 0.2–14.6 
cm3 per year), and mean VDT was 614.2 days 6 432.3 (range, 
88–1964.6 days). A VDT of 1 year or less was seen in 36% (36 
of 100) of tumors.

ADC Parameters
Table 3 summarizes the mean and median values of all measured 
ADC parameters of tumors at baseline. For all percentiles, ADC 
was inversely correlated with growth rate and was positively cor-
related with doubling time, indicating that lower ADC was as-
sociated with faster tumor growth and shorter doubling time  
(Fig 3). The 25th percentile ADC (ADC25%) showed the stron-
gest correlation with tumor growth rate (r = 20.52 [95% CI: 
20.62, 20.36]; P , .001) (Fig 4), followed by the 10th per-
centile ADC (r = 20.51 [95% CI: 20.63, 20.31]; P , .001), 
mean ADC (r = 20.44 [95% CI: 20.61, 20.28]; P , .001), 
median ADC (r = 20.42 [95% CI: 20.59, 20.31]; P , .001),  
90th percentile ADC (r = 20.35 [95% CI: 20.46, 20.18];  
P , .001), and 75th percentile ADC (r = 20.29 [95% CI: 20.52,  
20.19]; P = .03). ADC skewness (r = 20.009 [95% CI: 20.13, 
0.26]; P . .99) and kurtosis (r = 20.02 [95% CI: 20.30, 0.10]; 
P . .99) were not correlated with tumor growth rate.

ADC25% also had the strongest correlation with VDT (r = 
0.60 [95% CI: 0.48, 0.72]; P , .001), followed by 10th per-
centile ADC (r = 0.58 [95% CI: 0.35, 0.68]; P , .001), mean 
ADC (r = 0.58 [95% CI: 0.45, 0.71]; P , .001), median ADC 
(r = 0.56 [95% CI: 0.47, 0.72]; P , .001), 75th percentile 
ADC (r = 0.50 [95% CI: 0.40, 0.65]; P , .001), and 90th 

Table 3: Mean and Median Baseline Apparent Diffusion 
Coefficients

Parameter Mean 6 SD Median and IQR
10th percentile ADC 

(31026 mm2/sec)
1566 6 416 1626 (1366–1870)

25th percentile ADC 
(31026 mm2/sec)

1814 6 310 1803 (1637–2037)

Median ADC  
(31026 mm2/sec)

2028 6 282 1950 (1838–2226)

75th percentile ADC  
(31026 mm2/sec)

2224 6 301 2151.25 (2007–2417)

90th percentile ADC  
(31026 mm2/sec)

2401 6 347 2320.7 (2180–2607)

Mean ADC  
(31026 mm2/sec)

2004 6 288 1950.9 (1812–2214)

Skewness 20.36 6 0.81 20.34 (20.84 to 0.14)
Kurtosis 1.03 6 2.61 0.38 (20.24 to 1.35)

Note.—ADC = apparent diffusion coefficient, IQR = interquartile 
range, SD = standard deviation.

Table 2: Patient and Tumor Characteristics

Characteristic Value
Age (y) 46 6 7*
Sex
 Female 25 (54)
 Male 21 (46)
Tumor laterality
 Right 64 (64)
 Left 36 (36)
Mean no. of solid tumors per patient 2.4 (1–7)†

Note.—Unless otherwise indicated, data are numbers of patients, 
and data in parentheses are percentages.
* Data are mean 6 standard deviation.
† Data are the mean and range.
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growth rate was higher in lower ADC percentiles. Our results 
align with former findings that lower ADC percentiles demon-
strate better performance for risk stratification of tumors in other 
cancer types (19,20). Moreover, previous studies have demon-
strated relationships between lower ADC values and aggression 
of ccRCC regarding higher TNM staging, Fuhrman grade, and 
larger tumor size (9,10).

Tumor ADC is conventionally quantified by placement of 
a region of interest within a portion of the tumor demonstrat-
ing restricted diffusion by visual assessment. Because of intratu-
moral heterogeneity frequently observed in renal tumors in our 
study, ADC was evaluated over the whole tumor volume; a small 
region of interest could not accurately reflect different biologic 
characteristics within the tumor. Several studies have shown that 
histogram analysis of the entire tumor volume has substantial 
advantages for determining prognostic outcomes when analyz-
ing diffusion as compared with conventional region of interest–
based measurement (21,22) and minimizes interobserver bias 
related to selected region of interest placement (23).

In active surveillance of renal tumors, tumor size is most of-
ten the main determinant of frequency of follow-up of tumors, 
as well as timing of intervention. However, uncertainty about 
future growth patterns and risk for metastasis of renal tumors 

baseline apparent diffusion coefficient (ADC) values tend to 
have faster growth rates than do tumors with higher ADC 
values. Lower ADC values indicate greater restricted diffusion, 
which is directly attributed to increased cellularity of tumors 
with intact cell membranes, which disrupts Brownian motion 
of water molecules within the tumor (14,15). In concordance 
with the negative correlation between ADC values and growth 
rate indicated in our study, negative correlations between 
ADC values and other pathologic characteristics (ie, cellular 
density, nucleus-to-cytoplasm ratio) have been noted in a 
variety of malignancies (16,17).

A previous study on prostate tumors also revealed a nega-
tive correlation between the ADC values and the proliferative 
activity of the tumors (18). In our study, this relationship was 
strengthened through observation of significant variation in re-
nal tumor growth rates within the same kidney of a patient. We 
used a mathematic model to adjust for clustering effect of multi-
ple masses in some patients, demonstrating that tumors with the 
highest growth rates demonstrated lower ADC values compared 
with slower growing tumors in the same patient.

Between ADC histogram parameters that were evaluated in 
our study, ADC25% showed the strongest correlation with both 
tumor growth rate and doubling time. Correlation with tumor 

Figure 3: (a–c) Clear cell renal cell carcinoma (ccRCC) (arrow) in a 57-year-old man with Von Hippel–Lindau (VHL) disease that ap-
pears hypointense on (a) the baseline apparent diffusion coefficient (ADC) image (mean, 1536 3 1026 mm2/sec) and shows 8.9 cm3 
per year growth and 232-day doubling time between (b) baseline and (c) follow-up contrast-enhanced CT. (d–f) ccRCC (arrow) in a 
61-year-old woman with VHL disease with a hyperintense appearance on (d) the baseline ADC image (mean, 2431 3 1026 mm2/sec) 
with 2.5-cm3 per year growth and 1008-day doubling time between (e) baseline and (f) follow-up contrast-enhanced CT.
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size and lack of an independent data set. Hence, our prediction 
performance measures are apt to be overestimates. Additionally, 
potential errors in manual image segmentation could have intro-
duced inaccuracies in our data. Automatic segmentation algo-
rithms could be a more practical solution to generate segmenta-
tion data in the future. Larger-scale validation studies with an 
independent data set are warranted. It is important to note that 
our findings need to be replicated in VHL-deficient tumors in 
patients with sporadic ccRCC.

In conclusion, use of apparent diffusion coefficient values 
at baseline may prove useful in the identification of clear cell 
renal cell carcinoma tumors with significantly increased growth 
rates. Our findings could provide a valuable tool for personalized 
clinical management plans that avoid unnecessary intensive sur-
veillance of lower-risk renal tumors, instead focusing attention 
on tumors with higher risk for rapid growth and metastasis in 
patients with Von Hippel–Lindau disease.
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and both (blue). AUC = area under the receiver operating characteristic curve.

Figure 4: Scatterplot shows tumor growth rate per year versus 25th percentile 
apparent diffusion coefficient (ADC25%) value of the tumor at presentation.
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